Abstract-The throughput performance of ALOHA systems in mobile radio channels can be improved due to the capture phenomenon, meaning that the strongest packet may capture the receiver even in the presence of other overlapping packets. In this paper, the influence of receiver capture on the performance of ALOHA in the presence of shadowing is investigated. The combined effect of Rayleigh fading, log-normal shadowing, and spatial distribution of mobile users is also studied. The capture phenomenon results in substantial improvement in system throughput under slow fading. Under fast fading conditions, the throughput can also be increased especially when error-correction coding is used.
systems in Rayleigh fading channels is discussed in [6] and [7] , the near/far effect on ALOHA systems is studied in [8] and [9] , and the combined effect of fading and the near/far phenomenon has also been studied in [5] , [6] . However, the effect of shadowing on ALOHA systems has not been well studied and reported except in two recent publications by Prasad and Arnbak [lo] , [ l l ] in which fading and shadowing are considered. The present paper investigates the shadowing effect on ALOHA networks. The originality of this work lies in combining the effect of fading, shadowing, and spatial distributions. Furthermore, the fading speed, slow or fast, is brought under consideration. We shall describe a relatively realistic mobile radio ALOHA system model where fading (slow or fast), shadowing and user spatial distributions are included.
In comparing power levels of different packets, it is usually assumed that the power level of a signal remains constant over one packet duration, i.e., the power of each bit in a packet is the same. This assumption has been used earlier [5]-[9] , and is considered to be accurate if the users are stationary or are moving very slowly. Also, in some mobile radio systems, the speed of a vehicle could be as high as several tens of kilometers/hour, with the consequence that the channel fades rapidly. In such an environment, the signal power level does not remain constant over the duration of a packet. A receiver operating in a mobile traveling at a moderate speed will experience signal level changes within a packet. A study on the impact of increasing the vehicular speed on the system performance requires second-order statistics of the signal fades. Unfortunately, the second-order statistics of a Rayleigh distributed signal envelope are not available, and it is very difficult, if not impossible, to study the effect of the vehicle speed on ALOHA performance. However, this situation can be resolved, as is the case in this paper, by considering two extreme cases: 1) when the signal remains relatively steady over the duration of the packet, and 2 ) when two adjacent bits are considered to be faded independently [12] . The latter situation could result when the bits in a packet are interleaved.
ALOHA systems in mobile radio channels have been studied extensively. This paper differs from others in two aspects. First, we consider the combined effect of fading, shadowing, and spatial distributions on ALOHA. Second, the effect of fast fading on ALOHA systems is studied. Section I1 gives a description of the ALOHA system concerned. Section 111 analyzes ALOHA systems in the shadowing-only environment without any consideration given to fading and spatial 0018-9545/90/1100-0289$01 .OO 0 1990 IEEE distributions of the users. The combined effect of fading, shadowing, and the spatial distribution (the near/far problem) is studied in Section IV and the fast fading effect is studied in Section V. Conclusions are drawn in Section VI.
SYSTEM DESCRIPTION

A . System Model
We consider a mobile radio ALOHA system in which packets are transmitted from one vehicle to another via a base station. Only the uplink communication (from mobile users to the central station) is studied in this paper. An infinite number of users generating Poisson distributed data traffic is assumed.
Slotted ALOHA, by allowing transmission only within well-defined time slots, doubles the maximum throughput of pure ALOHA. This paper considers the slotted ALOHA; a similar approach can be used to analyze pure ALOHA schemes.
The mobile channel is characterized by noise, Rayleigh fading, and log-normal shadowing. Because of the spatial distribution of the vehicles, the existence of the near/far effect is also a possibility. A detailed description of these characteristics is provided in the latter sections.
B. Capture Eflect
A desired packet can be received successfully, that is, it captures the receiver in the presence of other overlapping or interfering packets, if its power is larger than the interfering power by a certain margin known as the capture ratio of the receiver. This is the capture effect. The derivation of an expression for the capture probability, the probability that the packet concerned captures the receiver, is one of the major objectives of this paper.
If the desired packet overlaps in time with another packet, the capture probability Pcapt(l) is given by where w, is the power of the packet concerned, wul is the power of the interfering packet, and R is the capture ratio. A receiver with R = 1 is said to have perfect capture, since it can recover the desired packet even if its power is equal to the power of the interfering packet. A receiver with R = 00 cannot capture the desired packet even if the interference power approaches zero.
In the presence of Z ( Z 1 1) interfering packets (each with power wui, i = 1, 2; e -, I), the capture probability is ob- Also, if it is assumed that the strongest packet will capture the receiver when the ratio of its power to the power of the next to the strongest packet is above R 
If the distributions of the interfering packets are also identical, we simply have
Under the condition that all the interfering packets are independent and identically distributed, (2b) can be evaluated using (4). However, in general, it has been shown [7] that
Also, we readily have
Thus, in general the lower bound of the actual capture probability is provided by (2a) while (2b) gives the upper bound. It is obvious that a receiver which compares the desired packet power with the worst interferer has better capture performance than the one which compares with the total interference power. In this paper, we use (4) to evaluate the capture probability. Note that (4) is a lower bound of (2b) (see (5)) while (2b) is the upper bound of the actual capture probability.
In Appendix I it is shown that (2a) and (4) provide the same results under Rayleigh fading conditions. This indicates that in the Rayleigh fading-only environment, we can simply use (4) to evaluate the lower bound of the capture probability ( W ) .
The above equations are derived under the assumption that the signal remains constant over the duration of a packet. This is a valid assumption when the signal fade rate is very slow. If the fade rate becomes high, the signal power may vary over the duration of a packet and all the packets received during a slot should be compared on a bit-by-bit basis. This aspect is studied in Section V.
C. Throughput
The channel throughput S is defined as the average number of packets successfully transmitted in a packet length 1 I duration. It is assumed that each user produces traffic which is Poisson distributed. The total traffic arriving at a receiver from several sources around it will thus have a similar distribution,
with mean channel traffic G . P is the probability that a packet is successfully transmitted. The channel throughput is
A packet is transmitted successfully if and only if the following conditions are satisfied. 1 ) No error occurs due to channel impairments. We may assume that a packet is detected correctly if its power is above some threshold (W,) and the corresponding probability is denoted as
2 ) Acknowledgment is received correctly (its probability is Pa). Note that acknowledgment failure results in packet retransmissions.
3) The desired packet captures the receiver. Therefore, we have
When both P, and Pa equal one and R approaches infinity (Pcapt(l) approaches zero), (8) and (IO) reduce to the case of the standard slotted ALOHA in noiseless channels in the absence of the receiver capture effect.
ALOHA SYSTEMS IN SHADOWING ENVIRONMENT A . Log-Normal Distribution
The buildings and hills obstructing the radio signals make them fade such that the signal power wc is log-normally distributed with a probability density function (pdf) given by 1161
and WO is the mean value of wc and U is the standard deviation in bels.
B. Packet Failure Due to Channel Impairment
In the absence of interfering packets, a packet may not be detected correctly because of channel impairments such as noise and shadowing. The probability that a packet is transmitted successfully is written as
After a simple change of the variable w, and assuming
Note that (16) approaches one as R I approaches zero. The special case with R I approaching zero means that the packet collision instead of the channel impairments such as noise and shadowing is the major source resulting in packet failure.
C. Capture Probability
We can rewrite ( 1 ) by considering that w,, and w, have the same distribution as given in ( 1 1 
D. Numerical Results and Discussions
Numerical computations have been made, resulting throughput curves as shown in Figs. 1-3 , and several inferences are drawn from these results. The channel throughput increases with an improvement in receiver capture, or in other words, when R decreases. This is shown in Fig. 1 . It is shown in Fig. 2 that significant improvements in throughput are obtained in the presence of shadowing, especially when U is large. As expected, channel impairments (noise and shadowing) reduce the throughput. However, when compared with ALOHA in the absence of channel noise and receiver capture, it is observed that there is still some throughput increase, largely under high-traffic conditions. This is shown in Fig. 3 . This means that ALOHA stability is improved in shadowed environment. 
Iv. COMBINED EFFECTS
B. Spatial Distribution
Assume that the base station (or the receiver) is located at the center of a plane and that there is a reference line as shown in Fig. 4 . The location of a mobile relative to the base station is determined by the distance to the base station and the angle relative to the reference line. The position of the mobile user is distributed randomly in the plane. The angle 8 can be assumed to be a random variable with a uniform distribution ranging from 0 to 2 T . However, in a typical mobile communication system, the base station uses an omnidirectional antenna, which makes the angle 8 irrelevant to the determination of signal power received at the base station. Thus the signal power is solely determined by the distance x . This means that all of the users in a plane may be placed on a single line by rotation of their location through a random angle. This simplifies the problem considerably. Thus we require only the distribution over distance rather than over a plane. Our choice of the probability density for the user distribution is restricted by the near/far phenomenon. We should not allow colocation of the receiver and a transmitter, otherwise the former will be swamped by the latter. Furthermore, a significant number of users should not be allowed at very large distances from the receiver because it imposes limitations on the frequency reuse and connectivity parameters of the network. Many pdfs meet the above requirements. However, according to [18] , it is reasonable to assume that the distance between a mobile user and the base station has unimodal distribution. It is also known that for a unimodal pdf the exact functional form of the pdf is not very important [ 181. Therefore, following Arnbak et al. The distance x from any user to the base station is a random variable with a distribution identical to that in (26). Let the ratio of distances between the base station and two users be r. As shown in Appendix 11, the pdf of r is A r 3 for r > 0.
C. Capture Probability
When the spatial distribution of the users is considered in the evaluation of the capture probability, the distance of each mobile from the base station must be taken into account by incorporating the distribution given in (27) into the expressions for the probability of capture ( (2a)-(4)). In other words, we should study Pr [(w,/ wul)(ruI > RI instead of Pr ( w,/ wul > R). This is obvious for the received signal power at the base station from each user is affected by the propagation losses. The parameter Q is determined by the
channel propagation model and its value is usually taken to be between two and five. In this paper we consider Q = 4, which characterizes the mobile radio channel. Consider that by the users at distances from the base station equal to rc and rul , respectively, where r = rc /rul . The interfering packet arrives at the receiver with power wul which has the same distribution as w, with local mean Wul and area mean WO. The probability that the considered packet captures the re- In the investigation of the combined effects of spatial distribution and superimposed Rayleigh fading and log-normal shadowing, we have considered that the received composite signal is Rayleigh faded about a log-normally distributed mean and the distance of the mobile from the base station results in an attenuation of the composite signal. This approach is used in the derivation of (28). Note that the effect of spatial distribution on the capture probability can also be studied by incorporating with the area mean for each mobile user. In this approach, the local mean of a signal depends on the distance between the mobile and the base, which reflects the actual physical phenomenon. The two approaches are shown to be equivalent in Appendix IV, while the approach used in this paper provides a simpler derivation.
D. Numerical Results and Discussions
It is difficult to solve (29) analytically. Therefore a numerical solution is sought. The results are shown in Fig. 5 . Figs. 5 and 1 shows that the composite of Rayleigh fading, log-normal shadowing, and spatial distribution effectively improves the capture effect seen in the shadowing-only environment. This improvement in the capture effect results in higher throughput, a confirmation of the result in [9]. 
Comparison of
V. THE FAST FADING EFFECT ON ALOHA SYSTEMS
A . Fast Fading Phenomenon
In the analyses above, a constant signal level is assumed over the duration of a packet; a case where the signal level varies very slowly. In some mobile radio systems, as a result of high vehicular speed, the signal level may change rapidly and the assumption of a constant signal level over a packet length no longer remains valid. A study on the performance variation due to increasing vehicular speed requires secondorder statistics of the signal fades. Unfortunately, for the Rayleigh distributed envelope, second-order statistics are not available. However, we may consider two cases: first, the signal remains constant over the length of a packet, and second, the signal varies continuously such that two adjacent bits of a packet are affected independently. The former case is widely considered in the literature while the latter has not been given enough consideration but is important when interleaving of bits is used in a packet. In previous sections we studied very slowly fading channels in which all of the bits in a packet fade together, a scenario where errors are characterized by bursts. If interleaving is used, the burst error situation can be changed to one where bits in a packet fade independently. We will, however, still assume that the mean of the signal is log-normally distributed but remains constant in one packet duration. For simplicity, the effect of spatial distribution is not taken into consideration in this section.
B. Capture Probability
Consider Pr [( w, / w,,) > RI in one-bit duration, in which w, and wul are exponentially distributed. We have
WU,
Letting s = Wu, / W,, (30) becomes In Appendix V, it is shown that the pdf of s is Considering that there are n bits in a packet and averaging over s, we get Now the capture probability when the desired packet is overlapped by I interfering packets can be obtained easily:
(34) Fig. 6 shows the system throughput when interleaving is used; that is, each bit in a packet is affected independently by signal fades. There is some improvement in the throughput due to the capture effect, though not significant. This is because there is a chance that the desired packet has higher power than all of other interfering packets over the length of the packet. P that the system under slow fading conditions usually has higher throughput than that under fast fading conditions even though coding is used in the latter case. This can be explained as follows. In slow fading channels where signal power remains constant over the duration of a packet, the probability that a packet has higher power than another packet is 0.5. On the other hand, in fast fading conditions, the probability that all the bits in a packet have higher power levels than the corresponding bits in another packet is much smaller.
C . Numerical Results and Discussions
VI. CONCLUSION
The ALOHA system in the mobile radio environment is investigated in this paper. It is shown that shadowing is similar to fading and near/far phenomena, in that it makes the capture effect possible and provides ALOHA systems with substantial improvements in throughput. It is also confirmed that the superimposed Rayleigh fading, log-normal shadowing, and spatial distribution can further enhance the capture effect, resulting in a ALOHA system with higher throughput. The fast fading effect in ALOHA systems is explored in this paper, we consider a very fast fading case which may be considered to be equivalent to interleaving in slow fading. It is found that the ALOHA system under fast fading conditions also benefits from the capture phenomenon. Improvement in the capture capability results in higher throughput. Further improvements can be made when errorcorrection coding is implemented.
APPENDIX I
In the Rayleigh fading-only environment, the probability density function of w, is and wui (1 5 i I Z) has the same distribution with the same mean. The probability in (2a) can be derived as pr[&>Rj 
APPENDIX I11
In (28), considering the integration over y first, we have, after a few steps of derivation,
After changes of variables and using a rotational transformation, similar to the derivation in [7] , (29) can be obtained.
APPENDIX IV
Combining the results of ( 4 9 , (47), and (48), it is conAssume that W, is a local mean with log-normal distribu-cluded that we can study the combined effects of spatial tion as shown in (23) and it is attenuated due to the near/far distribution and superimposed Rayleigh and log-normal shad-(spatial distribution) phenomenon. We have the probability owing by either considering that the log-normal local mean varies with the distance or assuming that the local mean does not depend on the distance and using the distance as an attenuation factor to the received signal.
= P r W > - 
1 which gives the result as shown in (32).
ACKNOWLEDGMENT
The authors express their thanks to the reviewers of this paper for their valuable comments. 
